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ABSTRACT 
We examined  the effect of a single variant repeat  on  the stability of a 51-base pair (bp) microsatellite 
(poly GT). We found  that  the insertion stabilizes the microsatellite about fivefold in wild-type strains. 
The stabilizing effect of the variant base was also observed in  strains with mutations  in the DNA mismatch 
repair genes pml, msh2and mh3, indicating that this effect does not  require a functional DNA mismatch 
repair system.  Most of the microsatellite alterations in  the pml, msh2 and msh3 strains were additions 
or deletions of single GT repeats, but  about half of the alterations  in the wild-type and msh6strains were 
large (>8 bp) deletions or additions. 
M ICROSATELLITES are regions of  DNA in which a single base or a small number of bases is re- 
peated multiple times. A particularly common microsat- 
ellite in eukaryotes consists  of alternating GT  bases on 
one strand  and CA bases on  the  other (poly GT tracts). 
There  are -lo5 poly  GT tracts in the  human  genome 
(HAMADA et al. 1982) and -30 tracts in the yeast ge- 
nome (WALMSLN et al. 1983).  These microsatellites are 
usually 15-50 base pairs (bp) in length. 
Poly  GT tracts are unstable relative to “normal” DNA 
sequences. In wild-type yeast strains, a 33-bp poly GT 
tract alters in length at a rate of -7 X per division 
(HENDERSON  and PETES 1992).  These alterations usually 
represent  additions or deletions of single GT repeats, 
but larger  additions and deletions are observed at low 
frequency ( -  10% of total alterations). Mutations in the 
yeast mismatch repair genes MSH2,  MLHl and PMSl 
destabilize poly  GT tracts more  than two orders of  mag- 
nitude (STRAND et al. 1993), whereas msh3 has about  a 
30-fold destabilizing effect (STRAND et al. 1995). 
Two models have been  proposed to explain the insta- 
bility  of tandem repeats: DNA polymerase slippage 
(STREISINGER et al. 1966) and unequal recombination 
(SMITH  1973). In the DNA polymerase slippage model 
(Figure l), a temporary dissociation of the  elongating 
DNA strand from its template is followed by reassocia- 
tion of the strands in a misaligned configuration, re- 
sulting in displacement of one or more repeats as a 
mismatch. Unpaired repeats in the  elongating or tem- 
plate strands would result in additions or deletions, re- 
spectively  (reviewed by SIA et al. 1997a). In the  alterna- 
tive model,  recombination occurs between misaligned 
arrays  of tandem repeats, resulting in tracts with recip- 
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rocal additions and deletions (SMITH 1973). Although 
the evidence is not completely definitive, the simplest 
interpretation of several types of experiments is that 
changes in microsatellite length in yeast involve DNA 
polymerase slippage rather  than recombination. First, 
the rad52 mutation, which  significantly reduces the fre- 
quency of most types of recombination (PETES et al. 
1991), has no effect on tract stability (HENDERSON and 
PETES 1992). Second, although meiotic rates of recom- 
bination are dramatically elevated relative to mitotic 
rates (PETES et al. 1991),  the meiotic and mitotic rates 
of tract stability are the same (STRAND et al. 1993). 
Third, the rate of microsatellite instability is much 
greater  than  the frequency of recombination between 
short nonrepetitive DNA sequences (AHN et al. 1988; 
HENDERSON and PETES 1992). Finally, since the un- 
paired repeats resulting from DNA polymerase slippage 
would be expected to be  a substrate for DNA mismatch 
repair enzymes, the large destabilizing effect of mis- 
match repair mutants on microsatellites is consistent 
with the DNA polymerase slippage model. 
A  number of human diseases  have been shown to be 
a  consequence of expansion of a trinucleotide microsat- 
ellite within or nearby a target gene (reviewed by ASH- 
LEY and  WARREN  1995). Studies of  two human diseases 
suggest that variant repeats within the repetitive tract 
may reduce  the rate of tract alterations. The fragile X 
syndrome is associated  with expansion of a poly CGG 
repeat upstream of the FMRl gene (reviewed by WAR- 
REN and NELSON 1994). In most stable FlMRZ alleles, 
the poly  CGG tract is interrupted by two AGG repeats. 
Analysis of haplotypes indicates that alleles that have 
lost one  or both of the  interrupting variant repeats may 
be prone to the trinucleotide repeat expansions that 
generate  the fragile X alleles (EICHLER et al. 1994;  HIRST 
et al. 1994; KUNST and WARREN 1994; REISS et al. 1994; 
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SNOW et al. 1994).  In  addition, most of the  heterogene- 
ity in tract size occurs on the 3’ side of the variant 
repeats, indicating that length alterations occur in a 
polar fashion. Spinocerebellar ataxia type 1 is associated 
with an expansion of a CAG repeat located within the 
SCAl gene (ORR et al. 1993). CHONG et nl. (1995) 
showed that poly CAG tracts lacking variant repeats 
within the SCAl gene were unstable in blood and 
sperm, whereas tracts with variant CAT repeats were 
stable. 
In  a previous study, we examined  the  effect  of  a vari- 
ant repeat on  the stability of a poly  GT tract in yeast, 
reporting that the variant repeat stabilized the tract 
more  than 100-fold and that this stabilization required 
a  functional DNA mismatch repair system (HEALE and 
PETES 1995).  In this article we reinvestigate the effects 
of variant repeats on  the stability  of the poly  GT micro- 
satellite. In contrast  to the original paper, we find that 
the variant repeats have about  a fivefold stabilizing ef- 
fect and  the stabilization occurs independently of the 
DNA mismatch repair system. We also detected large 
deletions  that remove the variant repeat and large addi- 
tions that expand the poly GT tract, duplicating the 
variant repeat. 
MATERIALS AND METHODS 
Media and growth conditions: Standard recipes for rich 
growth media (YPD) and omission media were used (SHER- 
MAN 1991).  Medium containing 5-fluoro-orotate (5FOA) was 
prepared as described by BOEKE et al. (1984). Yeast strains 
were grown at 30” in all experiments. The media and growth 
conditions for Escherichia coli were also standard; X-gal plates 
were prepared as described by SAMBROOK et al. (1989). 
Yeast strains and plasmids: The yeast strains used in this 
study are isogenic with the wild-type strain AMY125 (a  ade5 
his7-2 trpl-289 leu2-3,112 ura3-52 provided by A. MORRISON 
and A. SUGINO, Osaka University), except for changes  intro- 
duced by transformation. MS71 (STRAND et al. 1993) is a LEU2 
derivative of  AMYl25.  GCY140  is an msh3 derivative of  MS71 
described previously (STRAND et al. 1995). AMY101  is a deriva- 
tive of AMY125 (constructed by  A. MORRISON and A. SUGINO, 
Osaka University) in which the PMSl gene is disrupted by an 
insertion of LEU2 (STRAND et al. 1993). MS121 is an msh2 
derivative of AMY125 (STRAND et al. 1995), and EAS74 is a 
LEU2 derivative of  MS121, constructed by transformation of 
MS121 with the plasmid CV9 (STRAND et al. 1993). EAS38 
(constructed by E. SIA, University of North Carolina) is an 
msh6 derivative of AMY125 obtained by transformation of 
AMY125 with a partial EcoRI digest of pEAS6; the plasmid 
pEAS6 contains an insertion of LEU2, replacing most of the 
coding  sequence of MSH6. 
The plasmids pMZDl -pMZD4 were derived from plasmids 
pSH3l and pNKY48. The plasmid pSH3l is a yeast-E. coli 
shuttle vector with the TRPl gene,  the TRPl A R S ,  E N 1  1 and 
an E. coli P-galactosidase gene controlled by the yeast LEU2 
promoter (HENDERSON and PETES 1992). The plasmid con- 
tains a 29-bp poly GT tract between unique BamHI and SalI 
sites within the  coding sequence of the P-galactosidase gene; 
the SalI site is located 5’ to the BamHI site relative to the 
orientation of the 0-galactosidase gene.  The first step of  the 
construction was to treat  pSH3I with BamHI and Sua, remov- 
ing  the poly GT  tract. We inserted into treated vector double- 
stranded oligonucleotides prepared by annealing two single- 
stranded oligonucleotides (HENDERSON and PETES 1992).  The 
following oligonucleotides were used: pMZDl [5’ TCGA(G 
T)l2(AT)(GT),*Gand 5’ GATCC(AC)12(AT)(AC),2]; pMZD2 
[5’ TCGA(GT) 16(AT) (GT) 17G and 5‘ CATCC(AC) 17(A- 
T)(AC)I~J ,  pMZD3 [5’ TCGA(GT)12(CT)(GT)12G  and  5‘ 
GATCC(AC)l,(AG) (AC),,; pMZD4 [5‘  TCGA(GT)25G and 5’ 
GATCC(AC).L;. The resulting plasmids were transformed into 
E. coli. Since the insertions were in-frame and  the LEU2 pro- 
moter functions in E. coli, we screened for the appropriate 
constructions using X-Gal plates. The insertions were se- 
quenced to confirm  their structure. 
The second step in the construction was to treat the plas- 
mids with htuII, resulting  in  deletion of most of the P-galac- 
tosidase gene. We inserted into  the resulting gap a 1.3-kilo- 
base (kb) Hind111 fragment (cohesive ends filled-in using 
Klenow fragment of  DNA polymerase) derived from pNKY48. 
This fragment contains URA3 sequences and a small part of 
the yeast HIS4 gene.  The  net result of these manipulations is 
an E. colgyeast shuttle vector containing TRPl and a gene 
encoding a fusion protein with  wild-type Ura3p activity. Each 
plasmid has a  different in-frame poly GT microsatellite within 
the fusion gene. The plasmids pMZD1-pMZD4 were trans- 
formed into MS71, AMY101, EAS74, GCY140 and EAS38 to 
create the strains used in our study. 
Measurement of rates of microsatellite instability: Since 
the pMZDl -pMZD4 plasmids contain in-frame insertions 
within the gene encoding Ura3p activity, yeast strains con- 
taining this plasmid fail to grow in  medium containing 5FOA 
(BOEKE et al. 1984). We found previously that most 5FOAK 
derivatives contain plasmids with altered tract length  (HEN- 
DERSON and PETES 1992). We measured the rate of mutation 
to 5FOA resistance using methods described previously (HEN- 
DERSON and PETES 1992). In brief, we measured the frequency 
of5FOAR cells in -20 different independent cultures of each 
strain  in  each experiment.  The frequency  data were converted 
to a  rate using the method of the median  (LEA and COCISON 
1949). At least two experiments were done for each strain 
and  the rates were averaged. 
To  ensure  that  the SFOAK cells contained altered micro- 
satellites, we examined the lengths of tracts in 10-20 inde- 
pendent SFOAR derivatives of each strain by the methods 
described below. To calculate rates of tract instability, 
we multiplied the rate of 5FOA’ cells by the  proportion of 
tracts with length alterations. For all strains, this proportion 
was 20.6. 
Measurements of tract  length: Two different methods were 
used to detect alterations  in microsatellite length. For strains 
containing plasmids without the variant base (pMZD4), we 
performed PCR amplification of DNA isolated from 5FOAK 
cells using “‘P-labeled dATP (other nucleotides unlabeled) 
and primers (5’ CCAATAGGTGGTTAGCAATCG and 5’ 
GTTTTCCCAGTCACGAC) that  flanked the microsatellite 
(STRAND et al. 1995).  The resulting DNA fragment  of -250 
bp was analyzed on a 6% denaturing polyacrylamide gel con- 
taining appropriate size standards. If the DNA fragment had 
a large deletion or  insertion, we rescued plasmids from the 
yeast strain into E. coli and  sequenced  the tract by standard 
methods. All tracts derived from plasmids pMZD1-pMZD3 
were examined by  DNA sequence analysis. 
RESULTS AND DISCUSSION 
Experimental  system: We examined  the stability of a 
poly GT microsatellite, with and without variant repeats, 
using assay plasmids in which an in-frame microsatellite 
was inserted  into  the  coding  sequence of a gene  encod- 
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TABLE I 
Rates of tract  alterations in plasmids  with and without variant repeats in wild-type and mismatch  repair-deficient  yeast strains 
Strain names" 
Rates were calculated as described  in MATERIALS AND METHODS. The  numbers in  bold face represent  the rates normalized to 
a value of 1 for pMZD4 in a wild-type strain. ND, not  determined. 
Relevant genotype  in  parentheses. 
'Tract sequence in brackets. 
ing  a fusion protein with  wild-type Ura3p activity. Four 
assay plasmids were used in our study. The plasmid 
pMZD4 contained  an  uninterrupted poly GT tract 51 
bp in length. Plasmids pMZDl and pMZD3 had 51-bp 
poly  GT tracts with a single variant repeat in the  middle 
of the tract, AT for pMZDl and CT for pMZD3. The 
pMZD2 plasmid had  a 69-bp poly  GT tract with an AT 
variant repeat  in  the  middle. 
Since yeast strains containing  the plasmids with the 
in-frame insertion  are sensitive to 5FOA, alterations in 
tract  length resulting in a frameshift can be detected as 
5F0AR colonies. By monitoring  the  frequency of  5FOAR 
colonies in multiple independent cultures, we calcu- 
lated a  rate of microsatellite instability for  each strain. 
We then analyzed the sizes  of the plasmid-borne micro- 
satellite tracts to determine what types of alterations 
had  occurred. 
Rates of tract  alterations in wild-type  and  mismatch 
repairdefective strains: In the wild-type strain MS71, 
the 51-bp tract without a variant repeat (pMZD4) was 
about fivefold  less stable than  the 51-bp tracts with an 
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FIGURE 1.-Addition or 
deletion of single repeats 
by  DNA polymerase slip- 
page.  During DNA replica- 
tion, the  primer  strand 
(3' end marked with an 
arrow) and  the template 
strand transiently dissoci- 
ate (1). Reassociation may 
occur imperfectly leading 
to a  mismatched repeat in 
the elongating strand ( 2 )  
or in the template strand 
(3). If the resulting mis- 
match is not  repaired, 
after the  next  round of 
DNA replication, one of 
the products will contain 
an additional repeat  (4)  or 
lose a repeat ( 5 ) .  The 
other products will con- 
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tion, we examined the stability  of a 69-bp tract with a 
variant AT repeat in the middle of the tract (pMZD2). 
The rate of instability was 1.1 X Thus, even though 
the pMZD2-borne tract is longer  than  the 51-bp tract 
without the variant base, i t  is about twofold more stable. 
These results confirm the evidence from mammalian 
systems indicating  that variant repeats stabilize micro- 
satellites. 
The rate of microsatellite instability in wild-type  cells 
reflects both  the  rate of DNA polymerase slippage and 
the efficiency of the DNA mismatch repair system. To 
determine whether the stabilizing effects of variant 
bases required a functional DNA mismatch repair sys- 
tem, we examined  the rates of tract stability  in strains 
with mutations in pmsl ,  msh2,  msh3 and msh6. The cur- 
rent view of  DNA mismatch repair in yeast  is that  there 
are two different mismatch repair complexes that have 
somewhat different substrate specificities (STRAND et al. 
1995; JOHNSON et al. 1996; MARSISCHKY et al. 1996;  re- 
viewed by SIA et al. 1997a). Repair of base-base mis- 
matches and loops up to two bases in size requires a 
complex of the two MutL homologues (Pmslp and 
Mlhlp)  and two Mu6 homologues (Msh2p and 
Msh6p) , whereas loops of one base or larger  requires a 
complex  containing Pmslp,  Mlhlp, Msh2p and Msh3p. 
Genetic evidence suggests that two base loops are re- 
paired primarily by the  Msh3pcontaining complex (SIA 
et al. 1997b). 
DNA polymerase slippage for a dinucleotide tract 
would be  expected to result in a high frequency of two 
base loops as well as loops that are multiples of two 
bases (Figure 1). From the model discussed above, one 
would expect  that pmsl and msh2would  have the largest 
effect on tract stability,  followed by msh3, followed by 
mshh. As shown in Table 1, we find that pmsl and  mh2 
destabilize the  uninterrupted 51-bp  poly  GT tract -300- 
fold, consistent with previous results (STRAND et al. 
1993); msh3 has a smaller effect than msh2 or pml, 
as observed previously  (STRAND et al. 1995). The msh6 
mutation  had no significant effect in our study; a mod- 
est (sevenfold) effect of msh6 on dinucleotide repeat 
stability was observed by JOHNSON et al. (1996). We also 
found that the pml mutation destabilized the 69-bp 
GT tract with the AT variant repeat -300-fold (rates of 
1.1 X lo5 and 3.4 X in  wild-type and pmsl strains, 
respectively). 
The most important conclusion from the analysis  of 
rates in mismatch repairdeficient strains is that  the sta- 
bilizing effect of the variant repeats  does not  require a 
functional DNA mismatch repair system. The 51-bp  poly 
GT tracts with variant repeats are 5 to 10-fold more 
stable than the  pure 51-bp  poly  GT tract in pmsl ,  msh2 
and  mh3 strains. One simple interpretation of this re- 
sult is that the variant repeat has a stabilizing influence 
because it encourages a perfect realignment of the two 
strands following their dissociation during DNA poly- 
merase slippage (Figure 1,  step 1). 
1 2 3 4 
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FIGURE 2.-DNA sequencing gel of poly  GT  tracts  in 
pMZDl  in  5FOAR  derivatives of the  wild-type  strain. The tract 
in  the unaltered  pMZDl  p asmid has the sequence 
(GT)lz(AT)(GT)12G. Tract 1 has a deletion of 22 bp, includ- 
ing the variant  repeat.  Tract 2 has  an insertion of 26  bp  and 
a  duplication of the variant  repeat [(GT)12(AT)(G 
T)Iz(AT) (GT)12G]. Tract 3 has an insertion of 2  bp on the 
5’ side of the variant repeat. Tract 4 has an insertion of 16 
bp and a duplication of the variant repeat [(GT)12(AT)(G 
T).I(AT) (GT) nG1. 
An alternative possibility is that  the high rate of DNA 
polymerase slippage in uninterrupted tracts reflects 
some unusual structure associated with alternating GT 
sequences (such as Z-form DNA). Interruption of the 
tract by a variant repeat alters this unusual structure 
and reduces the rate of slippage. GACY et al. (1995) 
suggested that the effects of variant repeats in pre- 
venting expansions of trinucleotide tracts reflected the 
destabilizing effects  of the variant repeats on secondary 
structures  (hairpins) of certain single-stranded repeti- 
tive trinucleotide sequences. They observed stable hair- 
pin formation  for CAG, CTG,  CGG and CCG, but  not 
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TABLE 2 
Number of pMZD4 plasmids [(GT),,G] with various classes of tract  alterations  isolated from 5F0AR derivatives 
of wild-type  and  mismatch  repair-deficient  yeast  strains 
Classes  of tract alterations" 




MS71 (WT)  7 0 0 8 (2X-14, -20, 2X-22, 2X-28, +IO) 15 
AMY101 (pms l )  5 0 6 4 (2X-4, 2 X + 4 )  15 
EAS74 (msh2) 13 0 6 0 19 
GCY140 (msh3) 3 0 6 1 (-4) 10 
EAS38 (msh6) 8 4 0 9 ( -8,  2X-20,  -26, 3X+4, +IO, +16) 21 
We analyzed  poly  GT tracts  in 5FOAR  derivatives of yeast strains containing pMZD4  by  PCR  analysis (described in UTERIA1.S 
"The + and - signs indicate additions and deletions, respectively. The X signifies  multiple independent tracts of the same 
' Genotype  in parentheses. 
AND METHODS) or by DNA sequencing. 
size. 
for poly GT or poly CA. They  suggested  that  the  ten- 
dency  of  these  trinucleotide  repeats  to  undergo  large 
expansion events was correlated with their ability to 
form  hairpin  structures.  Since  the stabilizing  effects that 
we have observed involve both small and large alter- 
ations, the  mechanism  of  the stabilization is not likely 
to involve the same process examined by GACY et al. 
(1995). 
Types of microsatellite alterations in wild-type and 
mismatch repair-deficient strains: From  at least 10 in- 
dependent 5FOAR derivatives of each strain, we ana- 
lyzed the length of the plasmid-borne microsatellite; 
examples of length  alterations  in  plasmids  isolated  from 
5F0AR derivatives of the wild-type strain containing 
pMZDl  are shown in  Figure 2. Data  from  the  uninter- 
rupted and interrupted tracts are shown in Tables 2 
and 3, respectively. The strains can be classified into 
two groups  based  on  the types of  alterations  observed. 
In  the wild-type and msh6 strains, about half of the tract 
alterations  are  single  repeat  deletions or  insertions  (pri- 
marily insertions) and half represent large (>4 bp) 
changes (primarily deletions). It is expected that the 
wild-type and msh6 strains will have the  same types of 
changes,  since  the msh6 mutation  did  not elevate the 
rate of microsatellite  instability.  In  the pmsl, msh2 and 
msh3 strains,  most of the  alterations involve single re- 
TABLE 3 
Number of plasmids (pMZD1-pMZD3) with various  classes of sequence alterations in poly GT tracts with variant repeats 
derived  from 5F0AR derivatives of wild-type  and  mismatch  repair-deficient  yeast  strains 
Classes of tract  alterations" 
Genotype Sequence of tract 5'(+2)  5'(-2)  3'(+2)  3'(-2) Other  sequence alterations  Total 
Wild-type (GT) ,,(AT) (GT) 5 1 0 0 14  (5X-22,  2X-26,  2X-28, 1 with no  change, +4 20 
pmsl (GT)I,(AT)(GT)I& 4 8 2 4 2 [ -8  (5' side), +4 (3' side)] 20 
msh2 (GT)I,(AT)  (GT)I& 1 3 4  4 3 [2 with no change, +4 (+2 addition on both sides 15 
m7h3 (GT)I,(AT) (GTIIEG 0 6 4 6 2 [+4 (3' side), 1 large addition'] 18 
msh6 (GT) u(AT) (GT) I &  1 0 4 0 10 [ - l o  (3' side), -26, -28, 6 with no change, +10 15 
Wild-type (GT)IP(CT)(GT)12G 4 1 1 1 13 (2X-22,  3X-26,  2X-28,  2X-32, 3 with no 20 
pmsl (GT)I,(CT)(GT)I& 4 3 4 8 0 19 
Wild-type (GT),,,(AT) (GT),,G 5 0 0 0 11  [-22, -26, -38, 2X-40, -44, 2 with no  change, 16 
pmsl (GT) I ~ ( A T )  (GT) 3 2 4 6 3 [-4  (5' side), -10 (3' side), +4  (3' side)] 18 
(3' side), 3 large additions") 
of variant base)] 
(5' side)] 
change, 1 large addition") 
+4 (5'  side), +20 (5' side), +20 (3' side)] 
OThe columns  marked 5'(+2) and 5'(-2) show the number of plasmids  with insertions or deletions of 2 bp on the side of 
the variant base  closest  to the 5' end of the fusion gene. As in Table 2, the number preceding the X is the number of independent 
tracts of the same  size. The sizes  of  all deletions and insertions >4 bp were confirmed by DNA sequencing. Most of the large 
deletions removed the variant  base.  For  those  large deletions in  which the variant base was retained or for large additions in 
which the variant base was not duplicated, we indicate whether the alteration occurred to the 5' or 3' side of the variant  base. 
The sequences of the three large additions were  as follows: (GT),,(AT) (GT),(AT) (GT)12G,  (GT),,(AT)  (GT),,,(AT)  (GT) ,&, 
(GT)I~(AT)(GT),,(AT)(GT)I,G. 
The sequence of the large addition was  as  follows: (GT),,(AT) (GT) Is(AT) (GT) 
"The sequence of the large addition was  as  follows: (GT),,(CT)  (GT)I,(CT)  (GT) 
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tion of variant  repeats by 
DNA polymerase slip- 
page. The variant repeat 
is boxed. After the variant 
repeat has been repli- 
cated,  there is a dissocia- 
tion of primer and tem- 
plate strands (1). During 
the  reassociation a loop is 
formed, containing five 
GT repeats and the vari- 
ant AT repeat (2).  Repli- 
cation of the tract is then 
completed (3) .  If the 
loop is not repaired, after 
the next round of DNA 
synthesis, one of the 
products will contain two 
variant repeats  separated 
by five GT repeats. The 
other product will COII- 
tain a tract of' the original 
length. 
peats, with approximately equal  numbers of additions 
and deletions. 
We previously observed that -10% of the tract alter- 
ations  for  a 33-bp tract in  a wild-type strain were large 
deletions or insertions (HENDERSON and PETES 1992; 
STRAND et al. 1993). In this article and a  more extensive 
analysis  of the effect of tract  length on tract  alterations 
(WIERDL et al. 1997), we find a larger fraction of big 
tract alterations  for  the 51- and 69-bp microsatellites. 
It is unclear whether the large changes reflect DNA 
polymerase slippage or a different mechanism; how- 
ever, the frequency of large deletions is unaffected by 
the rad52 mutation (WIERDL et al. 1997). 
In this study, as in previous studies (STRAND et al. 
1993,1995),  the tract  alterations observed in pmsl, msh2 
and msh3 strains represent almost exclusively additions 
or deletions of one  or two repeats. One simple model 
to explain these data is that DNA polymerase slippage 
events usually result in loops of one or two repeats, 
with much less frequent  formation of larger loops. We 
suggest that the loops containing one  or two repeats 
are efficiently repaired by the DNA mismatch repair 
machinery that includes Pmslp, Msh2p and Msh3p, but 
this repair complex inefficiently repairs large loops. 
Thus, the pmsl, msh2 and msh? strains would be ex- 
pected to have elevated frequencies of tract alterations 
involving one  or two repeats, as observed. In  support 
of this model, we have found that the msh2, msh? or 
msh6 mutations do  not affect the stability  of  16-bp tan- 
dem repeats, indicating that DNA loops 2 16 bp are 
inefficiently recognized by the DNA mismatch repair 
system (SIA et al. 199%).  In  addition,  from  the analysis 
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of the effects of various DNA mismatch repair muta- 
tions on deletion formation, TUN et al. (1996) sug- 
gested that Msh2p, Pmslp  and Msh3p  were not involved 
in  the  repair of  31-base loops and repaired seven-base 
loops with reduced efficiency. 
In plasmids isolated from 5F0AR derivatives  of  wild- 
type strains containing microsatellites with a variant re- 
peat, 54% (30/56) had large (>4 bp) deletions (24/ 
56, 43%) or additions  (6/56, 11%). In all of the plas- 
mids  with large deletions in these samples, the variant 
base was lost. In four of the six plasmids with large 
additions, the variant base was duplicated (Table 3, Fig- 
ure 2). “Natural” microsatellites with more than one 
variant repeat have been observed  associated  with the 
FMRl and SCAl  genes (CHUNG et al. 1993; NELSON and 
WARREN  1993). Such duplications could be  generated 
by a DNA polymerase slippage occurring after replica- 
tion of  the variant base  as  shown  in Figure 3. Although 
we show the duplication of  the variant repeat as a conse- 
quence of  DNA polymerase slippage, unequal crossing- 
over in which the  exchange occurs between the misa- 
ligned variant repeats could also generate  a duplication 
( PETES 1980). 
In tracts with variant repeats, we can determine 
whether tract alterations are polar. In wild-type and 
mshbstrains, of 23 events involving insertion or deletion 
of one repeat, 17 (15  additions  and two deletions) oc- 
curred  on  the 5’ side of the variant repeat and six  (five 
additions and  one  deletion)  occurred  on  the 3‘ side, a 
significant difference (x‘ = 4.35, P =  0.04). In the pmsl, 
msh2 and msh? strains, of 80 events involving single 
repeats, we found 34 events (12 additions and 22 dele- 
tions) on the 5’ side and 46 events (18 additions and 
28 deletions) on the 3’ side. This distribution is not 
significantly polar (x‘ = 1.51, P = 0.2).  The numbers 
of 5’ and 3‘ alterations observed in wild-type and msh6 
strains are also  significantly different from the  numbers 
observed in pmsl, msh2 and msh3 strains ( P  = 0.01 by 
Fisher exact test). In summary, we find that alterations 
involving single repeats are polar in  wild-type and msh6 
strains, but not polar in pmsl, msh2 or msh3 strains. 
The polarity observed in the wild-type strain,  therefore, 
reflects some feature of DNA repair or a qualititative 
difference in the types of slippage events that occur 
in wild-type and most mismatch repair-deficient yeast 
strains. 
Another difference in tract alterations in the wild- 
type and msh6 strains compared to the pmsl,  msh2 and 
msh3 strains is the ratio of additions to deletions for 
events involving single repeats. For the wild-type and 
msh6 strains, there is a significant bias  in  favor  of addi- 
tions ( P  = 0.001), whereas a significant (P = 0.04) bias 
in the reverse direction is observed for  the  other strains. 
One explanation of these results is that the complex 
involving Pmslp, Msh2p and Msh3p repairs displaced 
loops on the template strand (which, if unrepaired, 
would lead to deletions)  more efficiently than it repairs 
displaced loops on the  elongating  strand. 
In summary, we find that a single variant repeat 
within a 51-bp  poly  GT tract stabilizes the microsatellite 
about fivefold and this stabilization occurs indepen- 
dently of the DNA mismatch repair system. We pre- 
viously reported  that variant repeats stabilized  poly  GT 
tracts -100-fold and  that  the stabilizing effects of the 
variant repeat were  lost  in strains with  mismatch repair 
defects (HEALE and PETES 1995). We believe that this 
earlier report was incorrect  (HEALE  and PETES 1996). 
Since the yeast strains and plasmids  used  in the earlier 
study have been lost (S. HEALE, personal communica- 
tion), we cannot establish the nature of the error in 
the first  study. 
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